ABSTRACT: Necrotizing enterocolitis (NEC) causes morbidity and mortality among preterm infants and is associated with nutrient malabsorption. Therefore, a preterm pig model that spontaneously develops NEC was used to investigate the relationship between severity of NEC lesions and galactose absorption in vivo and carriermediated glucose absorption by intact mid small intestine. Preterm pigs collected by caesarian section at 92% of gestation received parenteral nutrition with and without minimal enteral nutrition for 48 h before conversion to enteral nutrition with colostrum or an enteral formula. Pigs were killed when symptoms of NEC were observed or after 36 -40 h of enteral nutrition. NEC lesions decreased in vivo absorption of galactose and mannitol by more than 50% and abolished carrier-mediated glucose uptake by tissues with lesions. Moreover, when NEC lesions were restricted to the colon, small intestinal tissues that seemed clinically healthy had decreased in vitro glucose absorption due to reduced uptake via the sodiumdependent glucose transporter with little or no involvement of the apical facilitative glucose carrier. The present findings reveal a direct relationship between the severity of NEC lesions and the magnitude of sugar malabsorption that is detectable before clinical symptoms are evident. (Pediatr Res 63: 382-387, 2008) 
N ecrotizing enterocolitis (NEC) afflicts up to 28% of premature infants (1) . Although the risk of NEC may or may not be declining (2, 3) , the incidence of NEC will rise due to increases in the numbers and survival rates of preterm infants (4, 5) . The etiology of NEC is multifactorial with prematurity and bacteria as consistent factors (5), with formula instead of breast milk also implicated (6, 7) .
Preterm infants at risk of NEC have underdeveloped capacities to absorb monosaccharides, corresponding with food intolerance and increased breath hydrogen excretion (8, 9) , with the magnitude of malabsorption related to degree of prematurity (10) . Apparently, unabsorbed dietary nutrients cause overgrowth of bacteria in the gastrointestinal tract (GIT) and the resulting higher concentrations of short chain fatty acids damage the intestine and initiate NEC (11) .
Bowel resection is a common intervention for infants with NEC unresponsive to treatment or with bowel perforation (1, 12) , and the resulting short-bowel syndrome further compromises nutrient absorption (13) . Of clinical importance is understanding if NEC lesions in one GIT region affect absorptive capacities of the entire small intestine, exacerbating the malabsorption and compromising recovery from bowel resection. Therefore, the present study used a preterm pig model (14) to evaluate the impact of NEC on nutrient absorption and particularly if absorption by unafflicted regions is compromised by NEC lesions in other GIT regions. The findings improve our understanding of the impact of NEC on small intestine absorptive functions and will facilitate development of interventions for preventing and treating NEC.
METHODS
The research used 65 premature pigs obtained by caesarian section (15) at 92% of gestation from four sows (Danish Landrace ϫ Large White) and had been approved by National Committee on Animal Experimentation, Denmark. NEC was induced following established methods (14) , except for the use of a 48-h postnatal period of parenteral nutrition (PN) to increase the incidence and severity of NEC (unpublished data) and improve clinical relevance, as many preterm infants do not tolerate enteral feeding for 1-2 d after delivery.
For the first 12 h after delivery, PN (16) was provided via a vascular catheter at 4 mL/kg/h after which the rate was increased to 6 -8 mL/kg/h . PN was discontinued after 48 h and thereafter only enteral (luminal) nutrition (EN) was provided every 3 h at 15 mL/kg via an orogastric catheter. Pigs from the first litter were randomly assigned to receive bovine colostrum (-C; n ϭ 5) or a formula (-F; n ϭ 14) that provided a similar intake of calories and protein (14) . Based on previous studies, NEC lesions were expected to develop within 36 h after starting EN in 20 -40% of -C and up to 80% of the -F pigs.
Pigs from the remaining three litters were assigned to four groups to examine if minimal enteral nutrition (MEN) during PN protects against NEC. The pigs received 3 mL/kg of MEN every 3 h during PN, which represented 20% of the total calories provided and is comparable to the MEN administered to very low birth weight infants (20 mL/kg/d; 17) and to infants recovering from NEC (18) . The first group (CC; n ϭ 10) received colostrum during and after the period of PN. The second group (CF; n ϭ 12) received colostrum during and formula after PN. The third group received formula during and after PN (FF; n ϭ 12). The fourth group (SF; n ϭ 12) was given an identical volume of 0.9% saline during PN and formula after the period of PN, and was expected to develop a high incidence and severity of NEC.
Pigs were killed (pentobarbitone; 60 mg/kg, IV) for collection and evaluation of tissues when NEC was observed (abdominal distension, lethargy, bloody diarrhea) or after 36 h of EN. The entire GIT was rapidly removed and the dimensions (length and weight) of the stomach, small intestine, and colon were recorded. Each of five regions (stomach, proximal, middle, and distal small intestine, and colon) was visually examined by a minimum of two independent and experienced individuals and assigned a NEC score (14) . A pig was considered to have NEC if the average score for the five regions exceeded 1.4 or a score of 3 was recorded in at least one region.
In vivo measurement of D-galactose absorption. Each pig received 15 mL/kg of 0.9% saline with galactose and mannitol (50 and 20 g/L, respectively) via the orogastric catheter at conclusion of PN and after 30 h of EN. Pigs that developed clinical signs of NEC before the second bolus were killed and necropsied. Arterial blood samples were collected before and at 20, 40, and 60 min after the galactose/mannitol/saline bolus was administered. The plasma was separated, deproteinized using perchloric acid, and analyzed for concentrations of mannitol by a modification of a method based on reduction of nicotinamide adenine dinucleotide (NAD) using mannitol dehydrogenase (19) and for galactose using a kit based on galactose-dehydrogenase (Boehringer Mannheim, Darmstadt, Germany).
In vitro measurement of D-glucose uptake. Intact tissue glucose uptake was measured (14) for all pigs using segments of mid jejunum without focal points of NEC, unless the entire segment was afflicted. The tissues were incubated in Ringers with tracer concentrations of 14 C D-glucose (0.004 mM) and 3 H L-glucose, and with either 25 mM adenosine or mannitol (control) to determine whether carrier-mediated glucose uptake could be stimulated (20) . Additional tissues were prepared from pigs in the third and fourth litters to measure tracer D-glucose uptake in the presence of 0.5 mM phloridzin (PZ) or phloretin to inhibit sodium-dependent glucose transporter (SGLT1) and the facilitative diffusion glucose transporter (GLUT2), respectively. The use of tracer concentration of D-glucose provides a sensitive indicator of the activities of the apical membrane glucose transporters, and particularly by the high affinity SGLT-1 and provides greater sensitivity for detecting differences in carrier-mediated glucose uptake among pigs with and without NEC.
Statistical analysis. Data were analyzed using SAS (Version 8.2; Cary, NC) and values in figures and text are means and standard error of the mean. A repeated measures approach was incorporated in the PROC MIXED model to analyze the galactose and mannitol data. Rates of intact tissue glucose uptake were analyzed by the PROC GLM procedure to search for the effects of treatment and litter, and by Duncan's test to identify specific differences. Due to the presence of a litter effect, litter was included in the analysis of treatment as a random variable. For all comparisons, p Ͻ 0.05 was accepted as the critical level of significance.
RESULTS
Incidence and severity of NEC. All pigs fed colostrum completed the study. Due to clinical symptoms of NEC, 20 -40% of the pigs in the other groups were killed before conclusion of 36 h of feeding. Pigs fed formula after PN without MEN (-F and SF) had the highest regional and average NEC scores ( Fig. 1) , with NEC lesions observed in at least one region, and 87% (20 of 23) had NEC scores greater than 1.4. Clinical symptoms of NEC appeared rapidly with some pigs experiencing bloating, diarrhea, and lethargy within 6 h after starting EN. Providing formula during and after PN (FF) resulted in a lower incidence and severity of NEC (64%; 7 of 11 with scores greater than 1.4). Providing colostrum during PN and formula after (CF) caused a further reduction in NEC incidence (55%; 6 of 11) and severity in all regions, except in the colon. Feeding colostrum to pigs after, but not during PN (-C group) did not prevent NEC lesions (33% incidence), but the severity in the different regions was lower than in CF pigs. Only one of the 10 pigs fed colostrum during and after PN (CC) had NEC. This was restricted to the colon and the average NEC score for this pig (1.2) was not considered indicative of NEC.
In vivo absorption of D-galactose and mannitol. Galactose was not detected in plasma before administering the bolus. Plasma galactose concentrations were highest 20 min after the bolus and declined thereafter (Fig. 2, top panel) . Galactose concentrations analyzed across the samples, collected at 20, 40, and 60 min during PN, were lower (p Ͻ 0.05) for FF pigs compared with CC and CF littermates (pooled data) and tended to be lower compared with SF pigs (p ϭ 0.06). CC and CF pigs did not have higher galactose concentrations relative to SF pigs (p Ͼ 0.5 for comparison of PN with pooled data for CC and CF pigs). Plasma mannitol concentrations during PN were relatively consistent at 20, 40, and 60 min and were higher for CC and CF pigs compared with FF (Fig. 3 , top panel; p Ͻ 0.001) and SF (p Ͻ 0.05) pigs.
Plasma galactose concentrations during EN remained higher for CC pigs and were comparable with concentrations measured in the same pigs during PN (Fig. 2, bottom panel) . Values were lower (p Ͻ 0.0001) for pigs fed formula, regardless of diet during PN (Fig. 3, bottom panel; p Ͻ 0.001 for comparison of CC and CF pigs). Plasma mannitol concentrations for CC pigs were higher during EN (p Ͻ 0.05), whereas concentrations declined in the remaining groups that received formula.
Galactose concentrations during EN were related to NEC score, and at 20 min were higher for pigs with NEC scores of 1, lowest for those with scores Ͼ3, with intermediate values measured in pigs with NEC scores of 1.2-1.4 and 1.5-3 (Fig.  4) . Interestingly, the two pigs with NEC scores of 1 and low plasma galactose concentrations at 20 min were CF pigs, whereas the remaining pigs with NEC scores of 1 were CC pigs. Furthermore, the single CC pig with evidence of NEC (average score of 1.2) had a plasma galactose concentration of 540 M at 20 min, whereas the remaining CC pigs had an average concentration of 1251 Ϯ 263 M. These findings suggest the two CF pigs with NEC scores of 1 may have been at increased risk of NEC, but had not yet developed symptoms or obvious mucosal pathology. Mannitol concentrations were also highest in CC pigs with NEC scores of 1 and lower in pigs with any sign of NEC anywhere in the GIT (data not shown).
In vitro uptake of D-glucose. Due to a significant litter effect, comparisons among treatments for glucose uptake by the intact tissues were made after expressing values for each pig as a percentage of glucose accumulation by -C or CC littermates without NEC and considered as healthy controls. These comparisons revealed that rates of glucose accumulation by SF pigs were 36 Ϯ 26% of values measured in healthy CC littermates (p Ͻ 0.05). Similarly, rates of glucose uptake by -F pigs averaged Ͻ20% of uptakes for -C littermates. Rates of glucose uptake for the CF and FF pigs averaged 42 Ϯ 24% and 55 Ϯ 35% of CC littermates, but due to individual variation the comparisons with CC littermates were not significant (0.10 Ͼ p Ͼ 0.05).
There was a significant linear relationship (r ϭ 0.75; p Ͻ 0.01) between glucose uptake by intact tissues and the severity of NEC averaged over the entire GIT. Specifically, the highest rates of glucose uptake were measured from animals with average NEC scores of 1 (Fig. 5) . Glucose uptake was nearly 40% lower for pigs with low NEC scores (1.1-1.4). In most of these pigs, the NEC was restricted to the colon and the small intestine was assigned a score of 1 and considered "healthy." The lowest rates of uptake were for pigs with high NEC scores (Ͼ3), and with involvement of the small intestine. Obviously, the presence of NEC in any region of the GIT compromises the ability of the small intestine to absorb glucose, and particularly when NEC lesions are in the small intestine.
PZ inhibited SGLT-1 mediated glucose uptake by Ͼ90% when the tissues were from pigs with NEC scores between 1 and 1.5 (Fig. 6) . PZ decreased the already lower glucose uptake by less than 30% when the tissues were from pigs with severe NEC (scores Ͼ3). The magnitude of glucose uptake inhibition by PZ was highly variable for tissues from pigs with intermediate NEC scores (1.5-3) . Exposing tissues to phloretin did not decrease glucose uptake relative to unexposed tissues (data not presented).
When tissues from pigs with NEC scores of 1 were exposed to 25 mM adenosine, glucose uptake increased 29% compared with adjacent tissues exposed to mannitol (data not presented). In contrast, glucose uptake by tissues from pigs with NEC scores of 3 or greater did not increase in response to adenosine 
DISCUSSION
NEC remains a leading cause of morbidity and mortality for preterm infants, despite intense efforts to reduce the incidence and severity. Although the proximate causes for the focal points of ischemia and necrosis remain uncertain (21), the present results confirm our previous findings (14) that composition of enteral feeds plays an important role in determining the risk of NEC. Importantly, our findings indicate the development of even mild NEC in the distal bowel (colon) decreases the capacities of an apparently healthy small intestine to absorb nutrients.
The last 10% of gestation for pigs is important for intestinal growth and development of carrier-mediated absorption of nutrients (22) . Due to fear of NEC, preterm infants are often placed on PN, which reduces intestinal growth and delays development of functions of newborn pigs, including nutrient absorption (23) . Although none of the pigs developed clinical signs of NEC during the period of PN, the present findings indicate the source of MEN is an important determinant of GIT characteristics. During PN, the absorption of mannitol, which is independent of transporters, was higher (p Ͻ 0.05 all time points were pooled) when pigs received colostrum as the source of MEN (CC and CF) compared with those receiving saline (SF) or formula (FF). However, in vivo uptake of galactose, which is absorbed by carrier-mediated and carrierindependent diffusion, was not increased during PN by colostrum relative to saline, whereas the galactose absorption by FF pigs was lower (p Ͻ 0.05). Even though intestinal characteristics were not directly measured, the results suggest using colostrum for MEN during PN increases passive diffusion, but this apparently does not increase the number of transporters, whereas formula decreases both passive diffusion and carrier-mediated transport.
The adverse influence of the formula on intestinal characteristics was even more pronounced after the transition to EN. The lower galactose values before necropsy for the CF pigs demonstrate that providing colostrum during PN does not fully protect against NEC when infants are fed after PN an enteral formula that increases the risk of NEC. Another consideration is that all surviving pigs were examined 36 -40 h after the start of EN. It is possible that the incidence and severity of NEC scores would have been higher if the time of formula feeding had been extended.
The ability to identify preterm infants at risk of NEC has remained elusive (24) , and accelerating the transition to EN increases the risk (17) . After the conversion to EN, the lower galactose concentrations measured in all but the CC pigs suggest a decrease in aldohexose absorption and is indicative of an increased risk of NEC (10) . At the time of necropsy, many of the pigs with NEC scores between 1.2 and 3 did not exhibit overt signs of NEC (e.g., bloating, diarrhea). Yet, just before the necropsy the same pigs had plasma galactose concentrations at 20 min that were lower than 600 M. This includes pigs with NEC restricted to the colon and those with NEC scores between 1.2 and 1.4, which is not considered as indicative of NEC. In contrast, plasma galactose concentrations averaged two-fold higher for CC pigs without evidence of NEC in any region. These findings indicate plasma concentrations after an oral dose of galactose and perhaps other solutes absorbed by carrier-mediated pathways may be clinical indicators of the early onset or presence of NEC, despite the absence of overt clinical symptoms.
The present results document the negative impact of NEC, regardless of severity and location, on the abilities of the small intestine to absorb nutrients. The lower rates of glucose uptake by intact small intestinal tissue from pigs with NEC are consistent with malabsorption and are corroborated by lower plasma galactose concentrations after an oral bolus. Moreover, the PZ data indicate that the majority of glucose uptake by tissues from pigs considered healthy or with mild NEC was via SGLT-1, that NEC causes a decline in glucose uptake by SGLT-1, presumably by reducing the number of functioning transporters. The lack of a decline in glucose uptake by tissues exposed to phloretin implies that GLUT2 plays a minimal role in glucose uptake during this stage of development and when NEC is present. However, the tracer concentrations of glucose used in the uptake solution may not have been high enough to drive glucose uptake by facilitative transporters, such as GLUT2. Therefore, the role of GLUT2 in absorption may have been underestimated.
The decreased or absent response to adenosine by the small intestine of pigs with scores greater than 1 indicates NEC compromises the ability of the intestine to respond to stimuli that rapidly up-regulate the absorption of glucose and probably other nutrients. This would exacerbate the already reduced carrier-mediated capacities to absorb nutrients. It is unknown if NEC disrupts the adenosine receptors, the signaling pathways, or the mechanisms that are responsible for the rapid increase in absorptive functions.
Paracellular absorption has been proposed as a major mechanism of nutrient absorption (25) . Yet, paracellular absorption does not seem to play an important role in premature pigs, particularly those with NEC. Specifically, despite a healthy small intestine based on macroscopic clinical observations, pigs that had NEC restricted to the colon had reduced plasma galactose concentrations. This reduction occurred despite an oral galactose challenge that was sufficiently high to trigger possible changes in tight junctions and open the paracellular pathway of absorption. Moreover, other studies have shown that NEC increases plasma concentrations of inflammatory cytokines, such as tumor necrosis factor-␣ (TNF-␣), Interleukin (IL)-1␤, IL-6, and IL-8 (24, 26, 27) , which disrupt tight junctions (28, 29) , are associated with increased paracellular permeability (30) , lead to failure of the gut barrier (26) , and coincide with increased mucosal permeability to sugars (31) . Collectively, these findings lead to the prediction that NEC should increase paracellular movement of solutes, including galactose. Yet, plasma galactose concentrations were lower in pigs with NEC, corresponding with the decline in carriermediated glucose uptake by intact tissues. Apparently, nutrient absorption by neonates is more dependent on carriermediated pathways, and these are disrupted by NEC.
The signals that trigger the decline in carrier-mediated nutrient absorption by the healthy small intestine, despite NEC being restricted to the colon, remain unknown. The most likely candidates are the elevated plasma concentrations of inflammatory cytokines and bacterial endotoxins that are associated with NEC. Exemplary is the decreased sugar absorption by intestinal tissue exposed to TNF-␣ (32, 33) . It is unknown if therapeutic regimens that reduce inflammatory cytokines and the associated mucosal responses of infants with NEC (34 -37) will improve nutrient absorption. The lower incidence and severity of NEC in the CC pigs may be related to colostrum reducing the secretion of inflammatory cytokines by gut epithelial cells and decreasing bacterial adherence (38) . The present study did not include pigs given formula during PN and converted to colostrum for EN, as this was not considered a clinically relevant treatment. Therefore, it is not possible to determine whether colostrum can compensate for the adverse impact associated with providing the formula during PN. However, the reduced incidence and severity of NEC lesions among -C pigs indicate that providing colostrum as the source of enteral nutrients does confer protection.
